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Abstract  
A rapid growth in populations, living standards and industries has become a key contribution to water pollution. 
Clean water is an important resource for life, sustainable development and ecosystems. This study therefore inves-
tigates the photocatalytic degradation of an organic pollutant (methylene blue) using PVDF/TiO2 membrane. The 
main objective of the study is to determine the synergistic effect of incorporating TiO2 photocatalyst into the PVDF 
membrane on the mineralization of the organic pollutants. The TiO2 photocatalyst was characterized using Ultravi-
olet Visible Spectroscopy (UV-Vis), Scanning Electron Microscopy (SEM), Brunauer, Emmettt, and Teller (BET), 
and X-ray Diffraction (XRD) techniques. While the fabricated PVDF/TiO2 hollow fibre membranes were then char-
acterized by scanning electron microscopy (SEM) and contact angle. The performance of the membrane was evalu-
ated by photodegradation of methylene blue. The degradation study revealed that both the undoped PVDF and the 
TIO2 doped PVDF membrane were capable of degrading methylene blue. The performance of the membrane can be 
ranked as follows 9 wt% TiO2/PVDF > 6 wt% TiO2/PVDF > 3 wt% TiO2/PVDF > undoped PVDF showing the syner-
gistic effect of incorporating the TiO2 photocatalyst into the PVDF membrane.  The kinetics data of obtained from 
the rate of degradation of the methylene blue fitted well into first order kinetic data with apparent kinetic con-
stants of 0.0591, 0.0295, 0.0188, and 0.0100 obtained using pure membrane, undoped PVDF, 3 wt% TiO2/PVDF, 6 
wt% TiO2/PVDF, and 9 wt% TiO2/PVDF, respectively. 
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1. Introduction 
Having a high-water quality is an important 
criterion in achieving a sustainable life [1].    
Often time, industrial effluents containing or-
ganic pollutants are being discharged into wa-
ter bodies without proper treatment [2]. Report 
had shown that a large fraction of the total 
world production of dyes usually find its way in-
to the textile effluents during dyeing process [3]. 
These organic pollutants which contain highly 
carcinogenic and mutagenic compounds and not 
properly treated could result in distortion of eco-
logical balance in the water bodies and pose se-
rious health risk to both human and aquatic 
lives [4]. One of such organic pollutant is    
methylene blue which is a deep-coloured organic 
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compound that has wide application in the dy-
ing and textiles processes [5]. In the past years, 
research efforts have geared towards develo-
ping effective techniques to remove and de-
grade these organic pollutants from water ef-
fluent discharged from the textile industries 
[4]. The conventional techniques, such as: ad-
sorption, sedimentation, and coagulation, have 
been investigated however being replaced with 
more advanced techniques, such as: advanced 
oxidation processes [6]. Advanced oxidation 
processes (AOPs) have received an increasing 
attention for water and wastewater treatment 
[7]. AOPs differ from conventional physical and 
biological processes as they generate a strong 
oxidant which is hydroxyl radicals to degrade 
toxic and refractory pollutants into simple and 
harmless inorganic molecules without genera-
ting secondary waste [8]. The most attractive 
feature of AOPs is that its highly potent and 
strongly oxidizing radical that allows the       
destruction of a wide range of organic chemical 
substrate with no selectivity [1].  
Advanced oxidation process, such as: photol-
ysis, Fenton method, photofenton, ozonolysis, 
sonolysis, and photocatalysis, have been widely 
investigated with each methods having its mer-
its and demerits [9,10]. Besides AOPs tech-
niques for wastewater treatment, membrane 
filtration has also been proven as an effective 
means of wastewater treatment due to its com-
pactness, ease of fabrication, operation and 
module design [11]. Nevertheless, the tech-
nique is constraint by membrane fouling which 
often results in the shortening of the mem-
brane life [12]. One way to mitigate the con-
straint of membrane fouling and improve the 
performance of the membrane filtration is by 
modification of the membrane surface with an 
inorganic nanoparticle, such as: TiO2. One ma-
jor advantages of the TiO2 photocatalyst is its 
potential anti fouling activities [11]. Besides, 
the TiO2 being a photocatalyst will enhance the 
waste water treatment process by combining 
membrane filtration and photodegrading. Pho-
tocatalysis being one of the most versatile ad-
vanced oxidation processes has the merit of uti-
lizing the abundant source of ultraviolent (UV) 
radiation from sunlight in the presence of a 
photocatalysts usually a semiconductor, such 
as: TiO2. One of the merits of photocatalysis is 
its  possibility of generating powerful reactive 
hydroxyl radicals with photon energy without 
require additional chemicals [13]. 
Over these years, several semiconductors 
such as Fe-ZnIn2S4 [14], WO3 [15-16], BiOBr 
[17], Bi3O4Br and BiFeO3 [18], Fe2O3 [19,20], 
CuS [21], Bi24O31Br10 [22], and ZnO [16], have 
been explored as photocatalysts. Among those, 
titanium dioxide (TiO2) has attracted public 
concern as a promising photocatalyst due to 
the fact that it is  inexpensive, commercially 
available, nontoxic and chemically stable [23-
27]. The performance of photocatalysis can be 
enhanced by incorporating the chemical pro-
cess together with membrane separation pro-
cess often referred to as photocatalytic mem-
brane. The use of photocatalytic membrane 
process has become increasingly important due 
to advantages such as high productivity and 
selectivity, compact and small size equipment, 
lower cost and energy consumption [28-30].  
The presence study therefore aimed to har-
ness the synergy of incorporating membrane to 
photocatalytic process for the photo-
degradation of methylene blue. In this work, 
the synergetic effect of incorporating TiO2 pho-
tocatalysts into polyvinylidene fluoride (PVDF) 
membrane for the photo-degradation of meth-
ylene blue under UV irradiation was investi-
gated.  
 
2. Materials and Method 
2.1 Materials 
The organic pollutant, methylene blue, the 
N,N-dimethylacetamide (DMAc), and  99.9% of 
ethanol were purchased from Merck and used 
as received. The P-25 titanium dioxide (TiO2) 
was also purchased from Merck and used as a 
photocatalyst. The PVDF polymer was utilized 
as membrane due to its chemical stability and 
resistance to solvents, acids, bases and heat. 
The solution containing the methylene blue 
was prepared using de-ionized water obtained 
from our research laboratory. 
 
2.2     Methods 
2.2.1  Fabrication of the PVDF/TiO2 membrane 
To prepare the PVDF/TIO2 membrane, TiO2 
was dissolved in the N,N-dimethylacetamide 
solvent. After the mixture dissolved, the de-
sired amount of polymer (PVDF) was added to 
the solution and stirred at 70-80 oC for 12 h. 
Afterward, the mixture was cooled down to 
room temperature. The detailed composition of 
the PVDF and the doped TiO2 in the solutions 
and spinning conditions are shown in Table 1. 
The solution was degassed at ambient temper-
ature overnight prior to spinning. The dope so-
lution was then extruded using a spinneret to 
form hollow fibre membrane. The as-spun hol-
low fibres were immersed into water bath for 3 
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days to remove residual solvent. The fibres 
were post-treated using (ethanol: water, 50:50 
wt%) for 1 h, then 100% of ethanol for 1 h in or-
der to improve the membrane wettability and 
pore collapse. Finally, the hollow fibre mem-
branes were dried at room temperature for 3 
days before membrane characterizations and 
module fabrication.  
 
2.3 Characterization of the PVDF/TiO2 Mem-
brane 
The properties of TiO2 photocatalyst in 
terms of the band gap, surface area and crys-
tallinity were determined using ultraviolet visi-
ble (UV-Vis) spectroscopy, Brunauer, Emmett, 
and Teller (BET), and X-ray diffraction (XRD) 
techniques, respectively. The UV-visible spec-
trum was measured at room temperature using 
Perkin Elmer/Lambda 1050 UV/Vis/NIR spec-
trophotometer to determine the band gap of the 
catalyst. To define the band gap, an amount 
catalyst, powdered titanium dioxide (TiO2) was 
taken and placed in sample holder. It was then 
compressed into a thin layer and put into ultra 
violet visible machine. The sample was run in 
200 to 600 nm range of wavelength. 
Meanwhile, the XRD analysis of the mem-
brane was subsequently analyzed using a Pan-
alytic Al X’pert diffractometer system at 2θ. 
The Panalytic Al X’pert diffractometer system 
is equipped with Cu rotating anode capable of 
generating voltage and tube current of 40 V 
and 40 mA respectively. The BET analysis was 
measured using Micrometrics BET surface area 
and porosity analyzer (Micrometrics ASAP 
2020). The sample was initially degassed at 
250 oC for 3 h. Liquid N2 at -196 oC was gradu-
ally adsorbed on the TiO2 sample. The specific 
surface area of the TiO2 was measured using 
BET method.  
On the other hand, the morphology of the 
membrane was characterized by scanning elec-
tron microscopy (SEM). In order to measure 
the morphology of the PVDF/TiO2 membrane, 
the hollow fibre membrane was immersed in 
liquid nitrogen for five minutes and then frac-
tured into short samples for the purpose of 
maintaining the original cross sectional of the 
membranes. The samples were positioned on 
stubs for measurement. The micrographs of the 
cross section of hollow fibre membranes were 
taken at different magnifications using SEM 
(Model: Hitachi/TM 3030, Plus, Japan).  
Contact angle measurement is crucial in de-
termining the hydrophobicity or hydrophilicity 
surfaces of the membrane. The static contact 
angle of the outer surface of hollow fibre mem-
branes were measured using a contact angle 
goniometer. The hollow fibre membrane sam-
ples were fixed on a slide glass before the con-
tact liquid was dropped (2 µL) by micro sy-
ringe. The surface angle was measured at sev-
eral different spots on each membrane sample. 
Finally, the values were averaged and used for 
standard deviation calculation. 
 
2.4 Photocatalytic Degradation Activity 
The photocatalytic degradation of the meth-
ylene blue was performed in a photoreactor 
system. Prior to the experiment, a module 
which consist of 16 bundles of the TiO2/PVDF 
hollow membrane was sealed into a PVC tube 
with the aid of epoxy resin. Afterwards, the 
module was allowed to harden at room temper-
ature before cutting the protruding parts which 
was subsequently fixed into a PVC adapter. 
Subsequently, the as-prepared module was fit-
ted into the ultraviolet photoreactor system (1 
Liter capacity) which consist of a rectangular 
glass tank. The feed solution is made up of 400 
mL of methylene blue solution with an initial 
concentration of 1 mol/L.  
The methylene blue solution was agitated 
for about 20 min without light source in order 
Table 1. The dope compositions and spinning conditions of hollow fibre membrane.  
Conditions Values  
Dope composition (wt%)   PVDF TiO2 DMAc 
Sample A 15 0 85 
Sample B 15 3 82 
Sample C 15 6 79 
  Sample D 15 9 76 
Bore fluid composition 80% deionized water/ 20% DMAc   
Bore fluid flowrate 1.5 min/s   
Spinneret dimension OD/ID 1.0 mm/0.5 mm   
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to attain equilibrium adsorption on the surface 
of the TiO2/PVDF prior to the photodegradation 
test. Thereafter, the methylene blue solution 
was irradiated with UV light sourced from 175 
W high pressure mercury lamp at irradiance of 
100 mW/cm2. The UV lamp was placed above 
the methylene blue solution at a distance of 10 
cm. At interval of 30 min irradiation time, a 
sample of the solution was taken, centrifuged 
and filtered. The residual concentration of the 
methylene blue from the sample was measured 
using UV-vis spectrophotometer at 664 nm 
(maximum absorption for methylene) 
 
3. Results and Discussion 
3.1  XRD Analysis 
The XRD analysis examines the crystalline 
nature of TiO2 photocatalyst which is depicted 
in Figure 1. TiO2 exists in three different forms 
namely rutile, anatase and brookite [31].  Lut-
trell et al. [31] revealed that the photocatalytic 
activity of TiO2 in anatase form is much higher 
than the other forms. It can be seen from     
Figure 1 that the three primary peaks exists at 
25.5°, 37.9°, and 48.2o which can be assigned to 
diffraction at (101), (004), and (200) plane of 
anatase respectively. The XRD analysis shows 
that the TiO2 photocatalyst is mainly in the 
form of anatase which is consistent with join 
committee on powder diffraction standards 
(JCPDS card, 21-1272) [32]. The crystallite size 
of the TiO2 was estimated using Scherrer for-
mula (Equation (1)) as 39.58 nm. 
  
       (1) 
 
 
where, D is the crystallite size, λ is the wave-
length of X-ray radiation (CuKα radiation, λ= 
0.15418 ), β is the line width at medium height, 
and θ is the diffraction peak angle.  
 
3.2 UV-Vis Spectrophotometric Analysis 
The band gap energy of the TiO2 was inves-
tigated under ultraviolet visible (UV-Vis) spec-
troscopy as depicted in Figure 2. Band gap    
energy (E) refers to the energy difference      
between conduction band and valence band of 
the catalyst [33]. The band gap energy is an 
important parameter for a photocatalytic reac-
tion to occur using a photocatalyst. The band 
gap and the particle size are dependent on 
each. Hence, a small particle has a wide band 
gap. The display of wide band gap by small 
particle could be as result of the fewer molecu-
lar orbitals being added to the possible energy 
states of the particles [33]. The cut off wave-
length was found at 410 nm. The band gap   
energy of the TiO2 was calculated using Equa-
tion (2) as 3.03 eV.  
 
     (2) 
 
where, E is the band gap energy, h is the 
Planck’s constant (6.626×10-34 J.s), c is the 
speed of light (3.0×108 m/s), and λ is the cut off 
wavelength. 
The diffuse reflectance spectra of the un-
doped PVDF membrane and the TiO2 doped 
PVDF membrane measured at different time 
interval ranging from 0 min to 90 min are de-
picted in Figure 3. The absorption range of the 
pure membrane as well as the TiO2 doped 
PVDF membrane were observed from 400 nm 
to 800 nm and found to correspond to UV ab-
sorption characteristic of PVDF membrane and 
TiO2-doped PVDF membrane. It can be seen 
that the TiO2 doping on the membrane slightly 
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affect the absorption properties of the PVDF 
membranes as shown in the UV-Vis spectra.  
 
3.3  Surface Area 
The N2 adsorption-desorption isotherm of 
the TiO2 photocatalyst is depicted in Figure 4. 
According to the IUPAC system, the isotherm 
plot was categorized as Type V which implies 
the weak adsorbate-adsorbate interactions 
which is typical characteristic of porous adsor-
bents. Figure 5 represent the surface area plot 
and the value has been estimated using the 
BET and found to be 10.11 m2g-1, which re-
vealed the potential of TiO2 as a good photo-
catalytic candidate.  
 
3.5  SEM Analysis 
The morphology of the PVDF membrane 
showing the cross section of the inner and outer 
structure obtained from the SEM analysis is 
depicted in Figure 5. According to Damodar et 
al. [34], the hydrophilicity characteristic of a 
membrane depends on how well the catalyst 
disperse over the membrane. Generally, a typi-
cal membrane consists of two distinct layers 
compose of sponge and finger like layer where 
the later one was formed underneath of the for-
mer one. It can be seen from the SEM images 
the formation of a finger-like structure from 
the outer to intermediate layer of the mem-
brane while the rest was the formation of 
sponge-like structure.  The thickness of the fin-
ger-like structure for the undoped PVDF in 
Figure 5(a) was 69.0 µm. With doping of 3 wt% 
of the TiO2 catalyst, the thickness of the finger-
like structure increases to 72.3 µm (Figure 
5(b)).  This could be attributed to the disper-
sion of TiO2 on the PVDF thereby creating 
room for the methylene blue molecules to pene-
trate the outer layer of the membrane for deg-
radation [35]. The increase in the finger-like 
Figure 3. The diffuse reflectance spectra of (a) undoped PVDF (b)  3 wt% TiO2/PVDF  (c)  6 wt% 
TiO2/PVDF and (d)  9 wt% TiO2/PVDF  
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structure could be attributed to increase in the 
TiO2 loading which could provide more surface 
area that could accelerate the rate of photo-
catalytic degradation [35]. The weak interac-
tion of the polymer-solvent and additive could 
be responsible for the elongation of the finger-
like structure. Hence, it can be implied that the 
membrane structure is affected by the concen-
tration of the additive.  
 
3.6 Contact Angle Analysis 
Surface hydrophilicity plays an important 
role in the characteristics of photocatalytic-
based membrane due to its crucial effect on the 
flux and antifouling  properties [36]. This rea-
son could be attributed to the presence of the 
rich hydroxyl-group in TiO2 with high affinity 
for water molecules on the membrane surface 
[37]. The different values of the contact angles 
for undoped PVDF and PVDF with varying 
TiO2 loadings are summarized in Table 2.    
Although, PVDF is well known as hydrophobic, 
it can be seen that the tendency of PVDF to 
own hydrophilicity characteristics is increases 
as the TiO2 was added. 
The initial contact angle of PVDF mem-
brane was measured to be 91.60° which indi-
cates the intrinsic and superior hydrophobicity 
of PVDF membrane. The contact angle 91.60° 
also implies an intensive electronegative     
characteristics of fluorine element resulting in 
the low surface energy of fluoropolymers and 
weak affinity of PVDF toward water [38-39]. It 
can be seen that the mean values of the contact 
angles decrease from 91.60° to 42.67° as the 
doping with the TiO2 increases. This trend re-
vealed that the hydrophilicity of the PVDF 
membrane is significantly improved by the in-
corporation of TiO2 into the macropores of the 
PVDF membrane. The improvement in the hy-
drophilicity of the membrane with increase in 
TiO2 doping could be ascribed to the introduc-
tion of hydroxyl to the original hydrophobic 
PVDF membrane. 
 
3.7 The Photodegradation of Methylene Blue 
Figure 6 shows the decolourization of the 
methylene blue via photocatalytic degradation 
using the undoped PVDF membrane and the 
various TiO2 doped PVDF membrane. It is in-
teresting to know that complete decolouriza-
tion of the methylene blue could be achieved 
within 90 minutes of photocatalytic reaction 
time. It is noteworthy that the TiO2 doped 
PVDF membrane displayed higher rate of de-
colourization of the methylene blue compared 
to the undoped PVDF membrane. The           
percentage decolourization of the undoped 
PVDF increases from 10 at 30 min to 67 at 90. 
On the other hand, a higher percentage decol-
ourization of the methylene was reported for 
the 3-9 wt%TiO2-PVDF membrane.  This obser-
vation could be attributed to the synergistic ef-
fect of the TiO2 on the membrane creating a 
highly porous structure of the membrane 
which invariable increases the accessibility of 
the PVDF membrane site for adsorption and 
photodegradation of the methylene blue. 
Hence, it can be inferred that the incorporation 
of the TiO2 into the PVDF resulted in a dual 
process of adsorption and photocatalytic degra-
dation of the methylene blue [35]. Moreover, 
the decolourization of the methylene blue in-
Figure 4. The N2 adsorption-desorption iso-
therm of the TiO2 
Table 2. The data tabulations for water contact angle of hollow fibre membranes  
Samples Contact angle (°) Mean value (°) 
undoped PVDF 93.01 91.05 91.07 91.32 91.49 91.60 
PVDF with 3 wt% TiO2 75.75 73.35 72.32 74.53 74.90 74.19 
PVDF with 6 wt% TiO2 58.72 57.38 56.43 51.03 56.43 56.00 
PVDF with 9 wt% TiO2 43.60 43.00 42.32 42.90 41.54 42.67 
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Figure 5. The SEM images of (a) undoped PVDF, (b) 3 wt% TiO2/PVDF, (c) 6 wt% TiO2/PVDF, and 
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creases with the TiO2 doping which implies 
that the increase in weight of the TiO2 from 3 
wt% to 9 wt% provided more catalytic site for 
the photo-decolourization of the methylene 
blue. Moreover, according to Ngang et al. [40], 
the addition of the different weight percentage 
of the TiO2 also increase the permeability of the 
PVDF membrane thereby making it more effec-
tive for the decolourization of the methylene 
blue. This observation is also consistent with 
the work of Houas et al. [41] who employed 
TiO2 for the photodegradation of methylene 
blue under UV light. It can be inferred that the 
decolourization of the methylene blue occurs 
simultaneously by adsorption using membrane 
and photocatalytic reaction by the TiO2.  
 
3.8. Kinetic Analysis 
The kinetics of photocatalytic degradations 
of organic inorganic pollutants have been inves-
tigated using Langmuir-Hinshelwood expres-
sion represented [42]. In this study, it is pro-
posed that the phocatalytic degradation of the 
methylene blue can be fitted to the Langmuir-
Hinshelwood model due to the following rea-
sons: the reaction occur between two adsorbed 
substance; the reaction take place between a 
radical in the solution and between and ad-
sorbed substrate molecule; the reaction occurs 
between a radical linked to the surface and a 
substrate molecule in solution; the reaction 
take place with both species being in the solu-
tion. The rate expression for the photodegrada-
tion of the methylene blue can be represented 
in Equation (3).  
 
      (3) 
 
 
where, r is the reaction for the oxidation of 
methylene blue, c is the concentration of the 
methylene blue, kr is the specific reaction rate 
for the oxidation of the methylene blue, ka is 
the equilibrium adsorption constant of meth-
ylene blue, cw is the concentration of the sol-
vent, kw  is the equilibrium adsorption constant 
of the solvent, ci is the concentration of the 
products,  ki is the equilibrium adsorption con-
stant of the products, and t is the reaction 
time.  
Based on the assumption that there is no 
competition adsorption between the reactant 
and the product, Σi=1,nkiki  tends to 0. Moreover, 
cw>c, integrating Equation (3) resulted in 
Equation (4). 
 
                    (4) 
  
where, K’=krka is the apparent first order rate 
constant. The plot of ln(co/c)  against t gives a 
strainght line through the origin with K’ as the 
intercept. 
Figure 7 depicts the plots of the ln(co/c)  
againt the degradation time for the TiO2-PVDF 
material. The corresponding apparent rate con-
stants obtained from the plots is summarized 
in Table 3. Interestingly, it can be seen that 
the  apparent rate constant reduces with in-
crease in the TiO2. The K’ values of 0.591, 
0.0295, 0.0188, and 0.0100 were obtained for 0 
wt% TiO2/PVDF, 3 wt% TiO2/PVDF, 6 wt% 
Figure 6. Photocatalytic degradation of methylene blue using different catalyst loadings  
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TiO2/PVDF, and 9 wt% TiO2/PVDF, respective-
ly. The obtained apparent rate constants is an 
indication that the doping of the PVDF mem-
brane had significant effect on the rate of deg-
radation of the methylene blue. Hence, the rate 
of photocatalytic reaction proceeds faster with 
the increase in the TiO2 loading.  
 
4. Conclusions 
The synergistic effect of TiO2 doping on pho-
todegradation of methylene blue using 
PVDF/TiO2 membrane has been investigated. 
The PVDF/TiO2 membranes were successfully 
fabricated and characterized by UV-Vis spec-
troscopy, N2 physisorption analysis, XRD, 
SEM, and contact angle in order to have a bet-
ter understanding on their physicochemical 
properties. The characterization results showed 
that the PVDF membrane hydrophilicity were 
significantly improved by the doping of the dif-
ferent weight percent of the TiO2.  The rate of 
decolourization of the methylene blue during 
the photocatalytic reaction for 90 minutes can 
be ranked as 9 wt% TiO2/PVDF, > 6 wt% 
TiO2/PVDF, > 3 wt% TiO2 /PVDF, > undoped 
PVDF, an indication of the significant effect of 
the TiO2 on the photodegradation of the meth-
ylene blue. The kinetics data obtained from the 
rate of degradation of the methylene blue fitted 
well into first order kinetic data with apparent 
kinetic constants of 0.0591, 0.0295, 0.0188, and 
0.0100 obtained using undoped PVDF mem-
brane, 3 wt% TiO2 /PVDF, 6 wt% TiO2 /PVDF, 
9 wt% TiO2 /PVDF membrane, respectively. 
This study has demonstrated the capability of 
TiO2/PVDF membrane for the photodegrada-
tion of recalcitrant organic pollutant such as 
methylene blue and could serve as a basis for 
further work to demonstrate the capabilities of 
photocatalytic membrane to degrade organic 
pollutant from industrial effluent in order to 
obtain clean water for daily use.  
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Figure 7. First order linear plot of the decolourization of methylene blue by photocatalysis under UV 
irradiation  
Table 3. Parameters obtained from the kinetic modeling analysis 
Material K’ R2 
Undoped PVDF 0.0591 0.763 
3wt%TiO2-PVDF 0.0295 0.890 
6wt%TiO2-PVDF 0.0188 0.882 
9wt%TiO2-PVDF 0.0100 0.846 
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